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Among plant nutrients, nitrogen (N) is the most important. Its importance as a
growth- and yield-determining nutrient has led to large and rapid increases in N
application rates, but often with poor use eﬃciency. Nitrogen management
requires special attention in its use so that the large losses can be minimized and
the eﬃciency maximized. Site-speciﬁc nutrient management (SSNM) has been
found especially useful to achieve the goals of improved productivity and higher
N use eﬃciency (NUE). Leaf color charts and chlorophyll meters assist in the
prediction of crop N needs for rice and wheat, leading to greater N-fertilizer
eﬃciency at various yield levels. Crop simulation models can be used in
combination with ﬁeld information and actual weather data to make
recommendations to achieve higher NUE. Remote sensing tools are also used
to predict crop N demands precisely. At the same time, traditional techniques like
balanced fertilization, integrated N management (INM), use of nitriﬁcation
inhibitors and slow-release nitrogenous fertilizers (SRNF), split application and
nutrient budgeting, among others, are also used to supplement recent N
management techniques to attain higher productivity and NUE, and reduce
environmental pollution through the leakage of fertilizer N.
Keywords: controlled-release N fertilizers; eco-safety; nitrogen; nitrogen use
eﬃciency; sustainability
Introduction
Currently, the world, including countries like India, is facing the unprecedented
challenge of substantially increasing agricultural production to secure food for the 80
million individuals joining our population each year. According to FAO estimates,
we need to double food production in the next 40 years to achieve food security. In
other words, what agricultural production was achieved between the beginning of
agriculture 10,000 years ago and today, must be achieved again in the next 40 years
(Wade 2009). To accomplish this gigantic task, special attention is required on
nutrient management, water management, plant protection, and the development of
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new crop cultivars with greater yield potential, suited to speciﬁc agro-climatic
conditions, and strengthening of the extension agencies.
Among the plant nutrients, N is most important from the plant nutrition point of
view. Amino acids, proteins, carriers, enzymes, regulators, nucleic acids, pigments,
alkaloids and many other metabolites involve N in their biosynthesis and
interconversions (Marschner 1997; Srivastava and Singh 1999). Because soils all
over the world are universally deﬁcient in N to varying degrees, it is also the nutrient
applied in most quantity from external sources (Wade 2009). Modern agricultural
systems depend heavily on large inputs of N fertilizer to maintain productivity,
because naturally ﬁxed N is seldom adequate for high-production systems (Dinnes
et al. 2002; Evenson and Gollin 2003).
In many ways, N fertilizer is an important tool for economic development and
lifestyle improvement, especially in economies with a large agrarian base. However,
its importance as a growth- and yield-determining nutrient has led to large and rapid
increases in N application rates, often with very poor eﬃciencies of use. In the quest
to achieve high yields of crops, particularly rice (Oryza sativa L.) and wheat
(Triticum aestivum L.), farmers in many parts of the world tend to apply N far in
excess of requirements (Prasad 2005; Pathak et al. 2006). This is particularly true in
sequentially grown rice and wheat systems in the Indo-Gangetic plain in the
northwestern India, leading to further lowering of the N fertilizer recovery eﬃciency
(RE), which does not exceed 50% (Katyal et al. 1985; Bijay-Singh et al. 2001).
Diagnostic surveys on nutrient management prevailing in areas of western
Uttar Pradesh, India dominated by rice–wheat cropping systems (RWCS), revealed
that nearly one-third of farmers practicing RWCS apply as much as 180 kg
fertilizer N ha71 to each rice and wheat crop against a local recommendation of
120 kg N ha71 (Dwivedi et al. 2001). Fertilizer use eﬃciency in the coarse-textured
permeable soils is very low (21–31% in rice and 32–52% in wheat) due to excessive
N losses (Katyal et al. 1985; Aulakh and Bijay-Singh 1997; Cassman et al. 2002).
Wang et al. (2001) reported from their on-farm studies that current N management
practices in southeast China are inconsistent with the physiological N requirements
of the rice crop and lead to large N losses. Nitrogen supply appears to be excessive
during early vegetative growth but deﬁcient during grain ﬁlling. A review by Ladha
et al. (2005) on nitrgen use eﬃciency (NUE) showed that for wheat and rice average
single-year fertilizer N recovery eﬃciencies in the experimental plots were 57 and
46%, respectively. Nitrogen recovery in crops grown by farmers is often much lower.
A review of the best available information suggests that the average recovery
eﬃciency of nitrogen (REN) for ﬁelds managed by farmers ranged from 20 to 30%
under rainfed conditions and from 30 to 40% under irrigated conditions (Bijay-
Singh and Yadvinder-Singh 2008). NUE exceeding 40% is expected to occur in
response to improved N management practices. Cassman et al. (2002) found that N
recovery for rice from on-farm locations averaged 31% under irrigated conditions
in Asia and 40% under ﬁeld-speciﬁc management practices. For wheat grown in
India, recovery averaged 18% under poor weather conditions, but increased to
49% when grown under good weather conditions (Table 1). Ladha et al. (2005)
compiled data on 15N recovery by cereal crops and found that average REN-15N
was 44% in the ﬁrst growing season and total recovery of 15N fertilizer in the ﬁrst
plus ﬁve subsequent crops was only *50%. Assuming that the amount of 15N in
the roots is negligible in the sixth growing season, the remaining 50% of the 15N
fertilizer would have either become part of the soil organic matter (SOM) pool as a
1034 R.A. Jat et al.
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 G
ue
lph
] a
t 0
9:0
5 1
9 F
eb
ru
ary
 20
13
 
result of immobilization or was lost from the soil–crop system (Jansson and
Persson 1982).
When N application is not synchronized with crop demand, N losses from the
soil–plant system are large, leading to low NUE. N productivity has declined sharply
since the widespread use of N started with the Green Revolution (Figure 1). Even
since 1980, the N productivity has decreased by 50% (Bijay-Singh and Yadvinder-
Singh 2008). Nitrogen fertilizer, being a basic and widely applied nutrient in
agriculture, needs special attention for its management. The fertilizer industry faces a
permanent challenge to improve the eﬃciency of its products. This is done through
either the improvement of fertilizers already in the use or the development of new
speciﬁc fertilizer types (Trenkel et al. 1988). Nitrogen management is important not
only for sustaining agricultural production, but also from an eco-safety point of view
because the release of N into the environment leads to various ecological and health
problems (FAO 2001). Nitrogen should be applied only in required amounts for
optimizing supply and demand according to their variation in time and space
(Ahlawat 2008).
Hence, there is a need to increase fertilizer NUE, and not just application rates,
to sustain productivity levels, and also to minimize environmental hazards. There is
no universally accepted scientiﬁc deﬁnition of nutrient eﬃciency or NUE. Under
practical conditions, nutrient eﬃciency concerns the amount of nutrients taken up
from the soil by plants and crops within a certain period compared with the amount
Table 1. Nitrogen fertilizer recovery (REN) by rice and wheat from on-farm measurements.
Crop Region
Number
of farms
Average N
levels
kg N ha71
(+SD)
REN (%)
(+SD)
Rice Asia – farmers’ practice 179 117+39 31+18
Asia-ﬁeld-speciﬁc management 179 117+39 40+18
Wheat India – unfavourable weather 23 145+31 18+11
India – favourable weather 21 123+20 49+10
Source: Cassman et al. (2002).
Figure 1. Nitrogen productivity over the years in India (Wade 2009).
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of nutrients available from the soil or applied during that same period (Trenkel
1997). Fertilizer N is mainly lost after its application in the ﬁeld through the
mechanisms of NH3 volatilization, NO3
7 leaching and denitriﬁcation (Table 2).
Therefore, when developing any eﬀective strategy for achieving higher NUE, the N
loss processes need to be considered. The inhibition of nitriﬁcation oﬀers the most
potential in the N cycle for enhancing NUE by reducing N losses via leaching and
denitriﬁcation, which occur following the nitriﬁcation of ammonium or urea applied
or produced by the mineralization of organic N in the soil (Sahrawat 1989; Subbarao
et al. 2006). Modern high-production agricultural systems result in conditions that
enhance nitriﬁcation, lower NUE and reduce SOM (McGill et al. 1981; Peng et al.
2005). The rapid conversion of NH4
þ to NO3
7 in the soil limits the eﬀectiveness of
much of the applied N fertilizer (Subbarao et al. 2006). Nearly 90% of all the added
N fertilizer is applied in the NH4
þ form, which is mostly nitriﬁed within four weeks
after application (Sahrawat 1980, 2008). For most arable soils, nitriﬁcation is so
universal and rapid that applications of NH4
þ-N can generally be considered as
almost being the equivalent of the application of NO3
–-N (Mason 1992; Strong and
Cooper 1992).
Environmental cost due to N loss
The loss of N lowers the eﬀectiveness of N fertilization and at the same time can have
serious environmental implications when excess N enters the natural environment
(Jarvis 1996). Nitrogen, the most widely applied plant nutrient, has until recently
often been singled out for its adverse eﬀects on the environment, as well as on human
and animal health (Keeney 1997). Smil (1999) reported that human activities have
roughly doubled the amount of reactive N entering the element’s biospheric cycle.
Losses of N from agricultural use are problematic not only from an agronomic,
but also from an environmental perspective. Nitrogen fertilizer use is the source for
39% of the total 1.8 million tonnes (Mt) of ammonia-N emissions and 73% of the
total 0.51 Mt of nitrous oxide-N emissions in India (Wade 2009) (Figure 2).
Together, the ammonia and nitrous oxide gas emissions linked to fertilizer use are
equivalent to 5 Mt of urea lost from India’s agriculture after it is applied to the soil.
Food production is also a major source of NH3, contributing 450% of global
emissions (FAO 2001). With fertilizer applications increasing substantially,
especially in developing countries, nitrous oxide emissions from agriculture could
double over the next 30 years. In the Netherlands, which has the world’s most
intensive farming, as much as 580 kg N ha71 in the form of nitrates or ammonium
salts are applied every year as fertilizer, and at least 10% of that N goes straight back
Table 2. Loss of N through key loss processes following the application 120 kg N ha 71 to
lowland rice.
N form and process N loss (kg N ha71)
NH3 volatilization 15
N2O denitriﬁcation 30
NO3
- leaching 15
Total losses (50% of applied N) 60
Source: Pathak et al. (2004).
1036 R.A. Jat et al.
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into the atmosphere, either as ammonia or nitrous oxide (Moser et al. 1991). Of the
total 100 Mt N produced in 2005, only 17% was taken up by crops and the
remainder was somehow lost to the environment (Erisman et al. 2008). In highly
permeable soil proﬁles with alternating aerobic and anaerobic soil conditions under
rice, applied N is readily converted to NO7, which is prone to loss via leaching,
denitriﬁcation or both (Sahrawat 1989; Aulakh and Bijay-Singh 1997; Bijay-Singh
et al. 2001). Environmental pollution by nutrient leaching or run-oﬀ from rice ﬁelds
has become an important concern across Asia (Zhang and Wang 1999; Dobermann
et al. 2002; Bijay-Singh and Yadvinder-Singh 2003).
Nitrogen management for higher eﬃciency and sustainability
Despite remarkable developments in crop production over the past four decades,
NUE or recovery, especially that of N, remained low (Shaviv 2005). This poses
serious concerns regarding environmental health, energy and resource conservation,
especially in light of the much greater N fertilizer use than removal, and considering
the signiﬁcant increase in nutrient application per unit area. Recovery of applied N
with 15N labeled fertilizer varies from 18.9 to 41.8% in rice (Kai et al. 1983; Katyal
et al. 1985; Goswami et al. 1988), 37.2% in maize (Arora et al. 1980), 36% in a
cowpea–rice cropping system (John et al. 1989) and 49% in a maize and bean
intercropping system (Ssali 1990). Mean global 15N recovery values for maize, rice
and wheat were reported to be 40, 44 and 45% of the applied N, respectively (Ladha
et al. 2005). Using crop N uptake data and the amount of N consumed in a country,
average recovery values of applied N are 56% in the USA (Howarth et al. 2002),
52% in Canada (Janzen et al. 2003) and 48% in India (Ladha et al. 2005). According
to Smil (2002), the world average for N recovery is 50%. A recent worldwide
evaluation shows that fertilizer N recovery eﬃciency is*30% in rice and wheat with
current practices (Krupnik et al. 2004). Scientists worldwide are working to develop
novel techniques of N management to achieve the goal of higher NUE and
sustainability and to reduce the N losses to the environment. In recent years the
following approaches have been found particularly helpful to address these concerns.
Figure 2. NH3 and N2O emission from N fertilizer use in India (Wade 2009).
Archives of Agronomy and Soil Science 1037
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Site-speciﬁc nitrogen management (SSNM)
It is widely acknowledged that the current approach of ﬁxed-rate, ﬁxed-time
(blanket) fertilizer application is not helpful in achieving higher NUE (Angus et al.
1990; Wopereis et al. 1999; Wang et al. 2001; Dobermann et al. 2002; Ladha et al.
2003; Pathak et al. 2003). This is mainly because this approach does not consider the
existence of large variability in the inherent soil nutrient supply and site-speciﬁc crop
responses to nutrients among farms (Timsina and Connor 2001). To address this
concern, the original concept of site-speciﬁc nutrient management to manage
among-farm nutrient variability, was developed in Asia for rice (Dobermann et al.
1996, 1998; Buresh et al. 2005). SSNM has been deﬁned as the dynamic, ﬁeld-speciﬁc
management of nutrients in a particular crop or cropping system to optimize the
supply and demand of nutrients according to their diﬀerences in cycling through
soil–plant systems. A distinct feature of this SSNM approach is that it adds
important regional and real-time components to the otherwise used approaches of
SSNM in large-scale farming, which mainly focus on managing spatial variability in
nutrients within large production ﬁelds using highly advanced tools (Pierce and
Nowak 1999; Robert 2002). In SSNM, prescriptive N management relies on earlier
information on the average native soil N, crop N need and its duration, while the
corrective N management is based on the diagnostic tools such as a chlorophyll
meter/SPAD meter, and leaf color chart (LCC). Gill et al. (2009) reported that
maximum N, P and K accumulation by crop was registered in SSNM, followed by
improved state recommendations (ISR), and it was lowest in the farmers’
fertilization practice (FFP) (Table 3). NPK use eﬃciency was much higher in
SSNM compared with FFP. Addition of micronutrients in SSNM also increased
internal NUE over the ISR. However, the magnitude of this increase varied among
cropping systems. Similarly, work done by Shukla et al. (2004) on the productivity
and proﬁtability of hybrid rice–wheat cropping system under site-speciﬁc nutrient
management practices, indicated that the SSNM package resulted in signiﬁcant yield
advantages in both rice and wheat compared with soil testing laboratory
recommendation (STLR), local ad hoc recommendation (LAR) and farmers’
fertilizer practice. Fertilizer recommendations based on SSNM and LCC techniques
are more ﬂexible and meet the crop demand, resulting in a crop yield increment of up
to 0.3–0.5 t ha71 and a saving of up to 20–30% fertilizer application (Hach and Tan
2007). Khurana et al. (2008) reported a signiﬁcant increase in NUE in rice and wheat
through the ﬁeld-speciﬁc N management practiscd in the SSNM treatment in
Punjab, India. In general, compared with the FFP, less fertilizer N was applied, and
agronomic N use eﬃciency (AEN), recovery eﬃciency of fertilizer N (REN) and
physiological eﬃciency of N (PEN) were signiﬁcantly increased with SSNM. On
average, AEN was increased by 7.3 kg kg71 (83%) and 5.3 kg kg71 (63%), REN by
0.10 kg kg71 (50%) and 0.10 kg kg71 (59%), and PEN by 9.5 kg kg71 (27%) and
7.7 kg kg71 (26%) in rice and wheat crops, respectively. This increase was attributed
to more uniform N applications among sites under the SSNM compared with FFP.
Also, N applications were spread more evenly through the growing season and
avoided heavy single applications at early growth stages of rice and wheat crops
when compared with FFP. Even though SSNM led to a small increase in average
fertilizer cost, a comparatively larger increase in gross returns over the fertilizer in
wheat and rice was achieved compared with that under FFP. The increase in average
fertilizer cost under SSNM was mainly attributed to an increase in K fertilizer use,
1038 R.A. Jat et al.
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which is generally skipped by farmers in the Punjab (India). Khurana et al. (2007)
also reported signiﬁcant increases in NUE through the ﬁeld-speciﬁc N management
practiced in the SSNM treatment compared with the FFP. Wang et al. (2001) found
signiﬁcant increases in NUE through the ﬁeld- and season-speciﬁc N management
practiced in the SSNM treatment. In general, compared with the FFP, less N
fertilizer was applied, and AEN, REN and partial factor productivity of N (PFPN)
were signiﬁcantly increased. Across all four crops grown, AEN increased by 5 kg
kg71 (78%, P ¼ 0.000), REN by 0.11 kg kg71 (61%, P ¼ 0.000) and PFPN by
12 kg kg71 (33%, P ¼ 0.000). In SSNM, N application is spread over time,
depending on the indigenous N supply and SPAD readings, which also helps to ﬁne
tune the N application according to weather conditions. For example, Wang et al.
(2001) reported that farmers applied their usual high amounts of N (average 170 kg
N ha71), all at early stages of the crop, despite the low climatic yield potential due to
poor weather later in the crop season. By contrast, only 115 kg N ha71 was applied
in the SSNM treatment, based on knowledge of the SPAD readings at critical growth
stages, resulting in AEN and REN almost twice that of FFP. Compared with FFP,
N applications in the SSNM treatment were more uniform among farms, spread
more evenly through the growing season, and avoided heavy single applications at
early growth stages.
Chlorophyll meter and leaf color chart (LCC) guided recommendations
Although generally good correlations with grain yield have been observed with
methods based on soil tests and laboratory analyses of tissue samples to predict
cereal N needs during the vegetative growth stages (Fox et al. 1989; Hong et al. 1990;
Magdoﬀ et al. 1990; Justes et al. 1997; Lemaire and Gastal 1997), they are time
consuming, cumbersome and expensive. The prospects remain bleak for accurate N
prescriptions developed using soil tests prior to the cropping season. Bijay-Singh
(2008) argued that recommendations based on soil tests remain ignorant about the
dynamics of N release from crop residues, organic manures and irrigation water, and
are not very successful in rice and wheat. Similarly, Stalin et al. (1996) and Adhikari
et al. (1999) have also expressed that soil tests for N fertilizer recommendation in
ﬂooded rice soils have not been successful. Tissue tests are also less useful for the
support of decisions on N supplementation than indicators that are directly related
to the measurement of leaf and canopy greenness (Schro¨der et al. 2000). Thus,
farmers often apply nitrogenous fertilizers over and above the recommended doses
to ensure higher yields by avoiding the risk of N deﬁciency. The main reason for low
N-use eﬃciency is ineﬃcient splitting of N applications, including the use of N in
excess of requirements. There is a need to synchronize N application with crop
demand. In addition to ﬁeld-to-ﬁeld variability, strategies for fertilizer N manage-
ment must be responsive to temporal variations in crop N demand and soil N supply
to achieve supply–demand synchrony and minimize N losses. Peng and Cassman
(1998) demonstrated that the RE of top-dressed urea during a panicle initiation stage
could be as high as 78%. Hence, plant-need-based application of N is crucial for
achieving high yield and NUE. To improve NUE and reduce N losses to the
environment, precision tools, viz. LCC and a chlorophyll meter may be used widely
at the farm level to optimize/synchronize N application with crop demand (Ahlawat
2008). The chlorophyll meter (SPAD-502, Minolta, Ramsey, NJ, USA), also known
as a soil plant analysis development (SPAD) meter, can quickly and reliably assess
1040 R.A. Jat et al.
D
ow
nl
oa
de
d 
by
 [U
niv
ers
ity
 of
 G
ue
lph
] a
t 0
9:0
5 1
9 F
eb
ru
ary
 20
13
 
the N status of a crop based on leaf area (Bijay-Singh 2008). It has been successfully
used for rice (Balasubramanian et al. 1999; Hussain et al. 2000), corn (Zea mays L.)
(Peterson et al. 1993) and wheat (Follett et al. 1992).
Two approaches have been used to apply fertilizer N in rice using a chlorophyll
meter: (1) when the suﬃciency index (deﬁned as SPAD value of the plot in question
divided by that of a well-fertilized reference plot or strip) falls below 0.90 (Hussain
et al. 2000); and (2) when the SPAD value is less than the set critical reading. The
suﬃciency index approach of Hussain et al. (2000) may be disadvantageous because
it requires a well-fertilized area. In another study carried out in southern India
(IRRI-CREMNET 1998), a value of 37 was found to be critical for obtaining high
yields and improved NUE in short-statured improved indica rice cultivars. These
studies indicate the need to determine chlorophyll meter threshold values for
diﬀerent rice-growing environments. Bijay-Singh et al. (2002) reported that using the
criteria of applying 30 kg N ha71 each time the SPAD value falls below 37.5 always
resulted in a rice grain yield equivalent to that obtained with 120 kg N ha71 in three
ﬁxed-time splits (Table 4). In treatments receiving all N doses beginning 14 days after
transplanting (DAT) at a critical SPAD value of 37.5, rice grain yields equivalent to
those produced by applying 120 kg N ha71 were obtained with 90 kg N ha71. As
expected, the AE was greater when less N fertilizer was used, but this was achieved
with the use of the chlorophyll meter without sacriﬁcing yield. The threshold SPAD
value of 35 for semi-dwarf indica rice varieties in transplanted rice systems during the
dry season in the Philippines, has to be reduced to 32 during the wet season when
solar radiation is relatively low (Balasubramanian et al. 1999). It has also been
suggested that diﬀerent threshold SPAD values may have to be used for diﬀerent
varietal groups (Balasubramanian et al. 2000; Thiyagarajan et al. 2000).
Chlorophyll meter-based N management saved 12.5–25% on the existing
fertilizer N recommendation (Bijay-Singh et al. 2002). Many farmers also apply a
dose of N approximately 1 week after transplanting, in lieu of basal application.
Because rice seedlings take*7 days to recover from the transplanting shock (Meelu
and Gupta 1980), it is very likely that most N applied around 7 DAT is not used by
plants and is lost. Based on chlorophyll-guided studies, Bijay-Singh et al. (2002)
suggested that: (1) a basal dose of 30 kg N ha71 was not eﬃciently used by the crop
and was possibly prone to loss or immobilization; and (2) N applied starting at 14
DAT based on the crop need determined by the chlorophyll meter, was used more
eﬃciently.
However, the high cost of the chlorophyll meter keeps it out of reach of many
Asian farmers. The LCC is an inexpensive alternative to the chlorophyll meter
(Furuya 1987). Like the chlorophyll meter, the critical color shade on the LCC needs
to be determined to guide N application to rice. It varies depending on the cultivar
and crop-establishment method, but can be determined after one or two seasons of
testing for local situations. Because shade 4 on the LCC represents greenness
equivalent to a SPAD value between 35 and 37, it was found to be the threshold
value for inbred rice varieties prevalent in the Indo-Gangetic plains in India (Bijay-
Singh 2008). Results (Table 5) from Singh et al. (2005) on rice (‘PB-1’) grain yield
and N-use eﬃciency under diﬀerent N management practices indicated a signiﬁcant
improvement in yield and agronomic eﬃciency of N with LCC-based N application
compared with ﬁxed time N application. Application of 30 kg N ha71 at LCC 4
resulted in a total N application of 90 kg N ha71 and a grain yield statistically
similar to that obtained with 120 kg N ha71 applied in recommended splits
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(Bijay-Singh et al. 2002). The chlorophyll or SPAD meter, and its inexpensive and
simple alternative, the LCC can be used for rapid and reliable monitoring of relative
greenness of the leaf as an indicator of leaf N status. These tools have provided an
excellent opportunity in terms of developing real-time N management strategies for
rice, but they do not take into account photosynthetic rates or the biomass
production and expected yields for working out the fertilizer N requirements (Gupta
2006). Owing to continuous wet soil moisture regimes in the rice crop, fertilizer N
can be applied at any time, which is not applicable for many upland crops. In upland
crops, for fertilizer application to be eﬀective, it must be synchronized with the
irrigation cycle, which reduces the importance of these instruments for crops grown
under rainfed conditions.
Use of remote sensing and geographical information system (GIS)
An improvement in the NUE can be achieved by using modern tools like remote
sensing and GIS. The reﬂectance of near infrared radiation (NIR; 800–1000 nm) can
be measured using remote sensing tools. This reﬂectance is correlated with plant N
status, as shown by the greenness of the leaves (Gill et al. 2008). Recently, methods
based on measurements of reﬂectance in the red (deﬁned by chlorophyll content) and
near infrared (deﬁned by living vegetation) region of the electromagnetic spectrum
for estimating the N requirement of crops using early season estimates of N uptake
and potential yield have been developed. Normalized diﬀerence vegetative index
(NDVI) based on the in-season sensor reading can predict biomass, plant N
concentration and plant N uptake (Gupta 2006). The NDVI increases with
increasing leaf greenness and green leaf area, and can be used as a guide for in-
season N applications.
Spatial and temporal variability in the nutrient supply are the major reasons for
variations in crop yield, which can be managed by dividing a heterogeneous ﬁeld into
supposedly uniform management zones. Management zones are created on the basis
of information on crop yield, soil data or crop conditions by adopting remote
sensing techniques. The data obtained are superimposed on a base map to create
management zones using GIS. These management zone maps can be used for site-
speciﬁc input management rather than applying a uniform dose of fertilizer N over
the entire ﬁeld. Extensive research work through on-farm trials in the Indo-Gangetic
Plains (IGP) has clearly demonstrated that these modern tools are eﬀective for
Table 5. Rice (‘PB-1’) grain yield and N-use eﬃciency under diﬀerent N management
practices.
N management practice
Total N
applied
(kg ha71)
Grain
yield
(t ha71)
Agronomic
eﬃciency
(kg kg71 N)
No- N (control) 0 2.75 –
Recommended N management 80 3.86 13.9
LCC 5 3 (No basal N) 80 4.18 17.9
80% basal þ LCC 5 3 104 3.62 8.4
Farmers’ practice (three splits) 100 3.74 9.9
Note: The results presented are the means of trials on 20 farmers’ ﬁelds. LCC, leaf color chart. Source:
Singh et al. (2005).
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site-speciﬁc input management (Gill et al. 2008). The use of green seeker, which is
also a hand-held instrument for measuring the NDVI at various critical growth
stages, generates data for crop conditions (Gupta 2006; Singh et al. 2006). These
NDVI data from a standard plot, which has been suﬃciently fertilized with N, can
be compared with a reference plot for which the N requirement is to be
determined. The use of green seeker helps in applying adequate N at speciﬁc crop
growth stages in various management zones. In a study conducted at Modipuram,
India, the INSEY [in season estimation of yield) – GY (grain yield)] relationship
used for calculating the N fertilizer dose in rice was: y ¼ 90.97 6 INSEY – 0.602
at 54–57 days and y ¼ 315.35 6 INSEY – 0.958 at 41–43 days. The same
relationship for calculating N fertilizer dose in wheat was: y ¼ 1978 6 INSEY –
1.926 for Feekes 5/6 and y ¼ 6192.7 6 INSEY – 1.605 for Feekes 7/8. The INSEY
(calculated as: NDVI/days from planting to sensing or emergence to sensing) is an
excellent predictor of the yield potential or yield (grain or forage depending on the
system) that is likely to result with no added input. Using such relationship, the
maximum yield of rice (9.06 t ha71) and wheat (5.60 t ha71) can be achieved in
the schedule for N application in rice with 143 kg N ha71 applied at 7 (40 kg
ha71), 28 (40 kg ha71) and 49 (63 kg ha71) DAT and wheat with 130 kg ha71
applied at basal (60 kg ha71), crown root initiation (60 kg ha71) and Feekes 7/8
days (10 kg ha71) (Tables 6 and 7).
Use of simulation models
Complexities surrounding the nutrient dynamics in soil suggest that computer-based
systems are useful for marshalling the relevant information and presenting data in a
fashion that is helpful to a farmer or adviser. Such decision-support systems have
taken various forms and diﬀer in their level of sophistication (Kitchen and Goulding
2001). Most have been aimed at N because of the importance and complexity of the
Table 6. Grain yield under N fertilizer use with green seeker-based N-management options
in transplanted rice.
Basal
Fertilizer N (kg ha71)
Grain yield
(t ha71)7 DAT 21 DAT 28 DAT 42 DAT 49 DAT Total
0 0 0 0 0 0 0 4.90
40 0 40 0 40 0 120 8.85
20 0 40 0 25 (GS) 0 85 8.23
20 0 60 0 30 (GS) 0 110 8.18
30 0 30 0 40 (GS) 0 100 7.92
40 0 40 0 36 (GS) 0 116 8.75
0 20 0 40 0 79 (GS) 139 8.23
0 20 0 60 0 54 (GS) 134 7.71
0 30 0 30 0 76 (GS) 136 8.94
0 40 0 40 0 63 (GS) 143 9.06
50 50 50 50 50 50 300 11.25
CD (P ¼ 0.05) 1.66
Note: DAT, days after transplanting; GS, green seeker-based application Source: Annual Report, PDCSR
(2006–07).
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dynamics of this element in soil. The soil N balance processes in the decision-
support systems include root N uptake, mineralization, immobilization, nitriﬁca-
tion, denitriﬁcation and N leaching. Decision support systems are sophisticated
tools, often being driven by computer-simulation models, but usually deal with a
single element such as N. SUNDIAL (Bradbury et al. 1993; Smith et al. 1996)
has been released for farmers and advisers through the Rothamsted website
(www.rothamsted.bbsrc.ac.uk/aen/sundial/sundial.htm). It diﬀers from earlier
recommendation systems in attempting to take explicit account of the weather
following the application of fertilizer, and thus the potential supply of N to the
plant from soil mineralization during the spring and summer. In this way,
SUNDIAL tries to optimize the supply of N to the crop, but minimizes the
potential for loss. The CROPGRO-legume model is a process-oriented,
mechanistic model with subroutines that simulate crop development, carbon (C)
balance, crop and soil N balance, and soil water balance. It can simulate N
ﬁxation in legumes and its relationship with N uptake by plants (Boote et al.
2009). WELL_N (Goodlass et al. 1997) tries to do much the same for the
vegetable crops, and NCYCLE is an N-balance model that compares inputs and
outputs in grassland systems for beef and dairy production (Scholeﬁeld et al.
1991). Most of these decision-support programs supply information not only
about the fertilizer need or value, but also the potential for N losses (leaching
and denitriﬁcation and, from MANNER software ammonia loss) (Kitchen and
Goulding 2001). The NGAUGE decision-support system for grasslands has been
developed from the NCYCLE model by Brown et al. (2005). The underlying
empirically based model simulates monthly N ﬂows within and between the main
components of the livestock-production system according to the user inputs
describing the site conditions and farm management characteristics.
Table 7. Eﬀect of green seeker-guided N fertilizer application on grain yield and N-use
eﬃciency of wheat.
Basal
Fertilizer N (kg ha71)
Grain yield
(t ha71)
N-use eﬃciency
(kg kg71 N)CRI Feekes 5/6 Feekes 7/8 Total
0 0 0 0 0 1.46
60 60 0 0 120 5.26 0.72
75 75 0 0 150 5.57 0.74
60 0 19 (GS) 0 79 3.74 0.61
80 0 15 (GS) 0 95 4.57 0.68
100 0 11 (GS) 0 111 4.96 0.71
40 40 9 (GS) 0 89 4.30 0.66
50 50 7 (GS) 0 107 5.27 0.72
60 60 4 (GS) 0 124 5.53 0.74
60 0 0 24 (GS) 84 3.68 0.60
80 0 0 21 (GS) 101 4.52 0.68
100 0 0 18 (GS) 118 4.73 0.69
40 40 0 18 (GS) 98 4.39 0.67
50 50 0 14 (GS) 114 5.42 0.73
60 60 0 10 (GS) 130 5.60 0.74
Note: CRI, crown root – initiation stage; GS, geen seeker – guided fertilizer application based on equation
developed at Feekes 5/6 and 7/8. Source: Annual Report, PDCSR (2006–07).
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Scope of nanoparticles/materials
The emergence of nanotechnology and the development of new nanodevices and
nanomaterials (Scott and Chen 2003; Joseph and Morrison 2006) have opened up
potential novel applications in the plant nutrient management. These inexpensive
nanotech materials applied to increase input use eﬃciency and crop productivity, will
bring about major growth in agriculture in the near future. Many things must be
addressed prior to the utilization of nanoparticles in agriculture. First, it is important
to know whether nanoparticles have any phytotoxic eﬀects. It may be possible that
nanoparticles produce some local damage in cells, as reported for in vitro treatments
(Pavel et al. 1999; Cotae and Creanga 2005; Pavel and Creanga 2005), but this does
not mean that the whole plant would be aﬀected. Second, the eﬀect of nanoparticles
entering the food chain must be considered and studied.
Nitriﬁcation/urease inhibitors
Nitriﬁcation and urease inhibitors increase the eﬃciency of nutrients applied,
generally resulting in higher yields of horticultural and agricultural crops and
improved NUE (Trenkel 2007). Nitriﬁcation inhibitors are compounds that delay
bacterial oxidation of the ammonium ion (NH4
þ) by depressing the activities of
Nitrosomonas bacteria in the soil over a certain period. They are responsible for the
transformation of ammonium into nitrite (NO2
7), which is further oxidized to nitrate
(NO3
-) by Nitrobacter and Nitrosolobus bacteria. The objective of using nitriﬁcation
inhibitors is, therefore, to control the leaching of nitrate by keeping N in the
ammonium form for longer, to prevent denitriﬁcation of nitrate-N and increase the
eﬃciency of N applied (Sahrawat 1989; Watson et al. 1994; Grant, Jia et al. 1996;
Trenkel 1997). The most widely used nitriﬁcation inhibitors are 2-chloro-6-
trichloromethylpyridine (N-serve), 2-amino-4-chloro-6-methyl pyrimidine (AM),
dicyan diamide (DCD) and sulfathiazole (ST). For further details on the nitriﬁcation
and urease inhibitors, readers are referred to reviews by Sahrawat (1989), Subbarao
et al. (2006) and Trenkel (1997). Several studies with nitrapyrin, DCD and 3,4-
dimethylpyrazolephosphate (DMPP) nitriﬁcation inhibitors on winter wheat, corn,
rice, grain sorghum, potato, sugar beet and cotton have demonstrated that
nitriﬁcation inhibitors suppress nitriﬁcation, improve N recovery and increase the
economic yields signiﬁcantly (see review by Prasad and Power 1995). As regards the
urease inhibitors, they reduce ammonia volatilization losses, particularly from top-
dressed agricultural ﬁelds, as well as under reduced tillage when urea is used as a
source of N (Wang et al. 1991; Wang et al. 1994; Bayrakli and Gezgin 1996). The use
of urease inhibitors to reduce NH3 volatilization from urea hydrolysis has been
considered one eﬀective strategy to increase the NUE of urea-based N products, and
more than 14,000 compounds or mixtures of compounds with a wide range of
characteristics have been tested (Kiss and Simihaian 2002). Furthermore, urease
inhibitors reduce seedling damage when seed-placed levels of urea or urea-containing
fertilizers are too high (Grant, Ferguson et al. 1996; Xiaobin et al. 1994). Urease
inhibitors prevent or depress over a certain period the transformation of amide-N in
urea to ammonium hydroxide and ammonium. This is achieved by urease inhibitors
through suppression of the activities of the enzyme urease, which is responsible for
the enzymatic hydrolysis of urea. Urease inhibitors include a large number of
organic compounds such as xanthates, hydroxamic acids, heterocyclic sulfur
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compounds, polyhydric phenols and quinines, phosphoro diamidates, phenyl
phosphorodiamidate (PPDA) and some inorganic compounds and natural products.
Treating urea with Agrotain [formulated and usable version of the urease inhibitor
N-(n-butyl)-thiophosphoric triamide or NBTPT] can result in a substantial increase
in plant productivity and proﬁtability for farmers (Wade 2009). Chu and Leˆ (2007)
reported that, on average, Agrotain-treated urea increased rice productivity by 27%
as compared with unamended urea in Vietnam. Similarly, Byrnes (1988) reported a
40% increase in ﬂooded rice productivity due to Agrotain-treated urea compared
with unamended urea. Agrotain-treated urea has been found to be eﬀective in
reducing the losses of applied N through NH3 volatilization in ﬁeld (Wade 2009).
Nitriﬁcation/urease inhibitors are being used in the USA, Japan and Europe on a
limited scale, but it is not possible to use these materials in developing countries like
India because of their high cost (Prasad 2008).
It has been reported that the use of some nitriﬁcation inhibitors may not only
interrupt the activity of some soil bacteria for a certain period, but also result in the
killing of soil bacteria. This could be an undesirable interference in the natural
agroecosystem (Sturm et al. 1994).
Controlled/slow-release fertilizers (CRF/SRFs)
An important route for improving NUE is the use of mineral fertilizers, particularly
N fertilizers, which release nutrients according to the plants’ requirements, so-called
‘intelligent fertilizers’, i.e. by the application of slow and controlled-release, or by
‘stabilized’ N fertilizers, which preserve the nutrients until plants really require them
(Trenkel 2007). Improving nutrient eﬃciency, and particularly NUE, while reducing
environmental hazards by using controlled-release or slow-release fertilizers is an
important option (Hauck 1985; Shaviv and Mikkelsen 1993; Peoples et al. 1995;
Bockman and Olfs 1998; Shaviv 2001). The greatest consumption and production of
CRFs/SRFs is in the USA, Canada, Japan and Europe. A signiﬁcant proportion of
these fertilizers is consumed in nonagricultural markets (e.g. lawn care, golf courses,
landscaping) with encouraging signs of increased use for intensively grown crops
(vegetables, fruit trees) and rice. Numerous publications deal with the possibility of
reducing such losses by using CRF/SRFs (Oertli 1980; Hauck 1985; Shaviv and
Mikkelsen 1993; Trenkel 1997; Avasthe 2009; Thind et al. 2010). Recently, the use of
slow-release fertilizers has become a new trend to save fertilizer consumption and
minimize environmental pollution (Gu et al. 2005; Wu and Liu 2008). Controlled or
slow-release nitrogenous fertilizers (SRNFs) based on coating with hydrophobic
organic polymers are perceived to provide the best control over nutrient release from
applied fertilizers (Trenkel 1997). Release from such SRNFs occurs by diﬀusion
(Shaviv et al. 2003). Nutrient release matches the temporal patterns of nutrient
uptake by plants and thus signiﬁcantly reduces environmental pollution due to
fertilizer application and improves NUE. Total nutrient requirement, speciﬁc periods
of peak demand, and preferred chemical forms are speciﬁc to each crop and variety.
The time pattern of macronutrient uptake by seasonal crops is generally sigmoid in
nature (Shoji and Kanno 1994). Therefore, synchronizing nutrient supply with plant
demand using a sigmoid pattern of supply will provide optimal nutrition for plant
growth and reduce losses by processes competing with nutrient uptake (Oertli 1980;
Hauck 1985; Shaviv and Mikkelsen 1993). SRNFs signiﬁcantly reduce possible
nutrient losses, particularly of nitrate N, between application and uptake by the
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plants through gradual nutrient release. They also reduce N loss via ammonia
volatilization. The SRNFs also contribute to a reduction in the emissions of N2O
(Shaviv and Mikkelsen 1993; Shoji and Kanno 1993, 1994). This substantially
decreases the risk of environmental pollution (Koshino 1993; Mikkelsen et al. 1994;
Rietze and Seidel 1994; Wang 1996). There are two types of SRNF, namely, coated
fertilizers [e.g. sulfur-coated urea, polymer-coated urea, gypsum/rock phosphate-
coated urea, lac-coated urea, neem (Azadirachta indica) slurry-coated urea] and
inherently slow release materials [e.g. isobutylidene di-urea (IBDU), urea form, urea
Z]. Extensive research has been conducted, particularly in India, to demonstrate the
slow N-release capacity of urea blended with various neem products. For example,
the oil derived from neem seeds (Azadirachta indica L Juss.) contains melicians
(generally known as neem bitters) of which Epinimbin, Deacetyl, Salanin and
Azadirachtin show dose-dependent nitriﬁcation inhibition action (Devkumar and
Goswami 1992). Although it has been established that when applied along with urea
neem products are capable of enhancing NUE in crops (Singh M and Singh TA
1986), the large-scale use of neem product-blended urea was not possible because the
process for large-scale coating of urea with neem products was not available. A
simple technique for coating urea with neem cake using kerosene and coal tar (2 : 1
ratio) solution as an adhesive has been developed and widely tested in India.
Recently, the Indian Agricultural Research Institute (IARI) perfected a urea-coating
technology employing neem oil emulsion at 0.5 to 1.0 kg t71 urea (Suri et al. 2004).
Coating of urea prills with neem oil this way is very economical as it costs only*100
Rs t71 urea. In the Indian context, neem cake-coated urea (NCU) has been found to
increase NUE and is a viable technique at the farmer level. It has been found that
neem microemulsion-coated urea gave 6–11% higher rice grain yield compared with
uncoated urea (Prasad 2007). At 120 kg N ha71, neem cake increased recovery
eﬃciency by 12.1 and 37.6%, and agronomic eﬃciency by 9.9 and 15.8% compared
with 120 kg N ha71 alone with or without farmyard manure (Avasthe 2009). This
corroborates the ﬁnding of Mishra (1992), and could be attributed to reducing the
leaching loss of nitrate-N caused by the nitriﬁcation inhibitory eﬀect of neem cake.
Thind et al. (2010) also noted that NCU gave 9.4, 5.6 and 2.5% higher grain yield
over urea with application of 48, 96 and 120 kg N ha71, respectively, at Ludhiana,
India. The corresponding increase was 3.2, 4.5 and 1.6% at Gurdaspur, India. These
results suggest that the positive impact of nitriﬁcation inhibition properties of NCU
is more visible in the coarse-textured soils in Ludhiana than in the relatively ﬁne-
textured soil at Gurdaspur, Punjab, India. They also reported substantially higher
recovery and agronomic eﬃciencies for the NCU as compared with urea, particularly
at 48 and 96 kg N ha71, which further prove the superiority of NCU over urea
(Table 8).
Ammonia volatilization constitutes a major N loss mechanism when urea is the
fertilizer (Katyal et al. 1985). One may assume that applying NCU rather than urea
should encourage losses via ammonia volatilization because it retards nitriﬁcation of
NH4
þ-N. However, if NCU is either incorporated into soil (basal dose at planting)
or applied before the ﬁrst irrigation event, the losses due to ammonia volatilization
can be eﬀectively controlled (Katyal et al. 1985; Thind et al. 2010).
Field evaluation of polymer-coated urea (POCU) indicated that N losses
associated with the nitriﬁcation could be substantially reduced, along with a
concurrent improvement in N recovery (Shoji and Kanno 1994). Because of the
reduced N losses, the N requirement from POCU is *40% less than the
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recommended levels via normal fertilizers (Balkcom et al. 2003; Zvomuya et al.
2003). Recovery of the basal N application ranged from *22% with conventional
broadcast application of ammonium sulfate or urea to *79% with co-situs
application of POCU (Shoji and Kanno 1994). However, POCU may leave
undesired plastic residues in ﬁelds (up to 50 kg ha71 y71) (Shoji and Kanno
1994).
Compared with the large amount of fertilizers used throughout the world, the
total use of slow- and controlled-release fertilizers (SRFs and CRFs) is still very
small, despite the fact that use of CRFs has almost doubled over the past decade
(Trenkel 1997; Shaviv 2001). Despite the continuing technological developments and
commercial availability of several SRFs/CRFs that perform well, their use in
practical agriculture is very limited. The main reason for their limited use is their
high cost. For example, the cost of POCU is *4–8 times that of normal urea
(Landels 1991; Detrick 1996). Further, in the case of sulfur-coated fertilizers, there
can be rapid release of nutrients in the initial stage compared with conventional
fertilizers, causing damage to seedlings or loss of N. Some sulfur-coated fertilizers
usually have a thick coating and the nutrient contained in these granules may not be
released during the crop-demand period. The application of coated controlled-
release fertilizers may also increase soil acidity. This might be the case if large
amounts of sulfur-coated urea are applied, because both sulfur and urea contribute
to increased acidity (Trenkel 1997).
Nevertheless, the potential for increased use of CRFs is tremendous in many cases
where they have been shown to increase nutrient recovery, sustain high yields and
reduce the adverse environmental impacts associated with nutrient loss (Shaviv 2005).
Table 8. Fertilizer N-use eﬃciencies of wheat as inﬂuenced by sources and rates of N at
Ludhiana and Gurdaspur, India (data pooled over 3 years).
Ludhiana Gurdaspur
Treatments
Agronomic
eﬃciency
(kg grain
kg71 N)
Recovery
eﬃciency
(%)
Agronomic
eﬃciency
(kg grain
kg71 N)
Recovery
eﬃciency (%)
Control
Urea (48 kg N ha71) 20.6 47.9 30.0 72.9
Urea (96 kg N ha71) 22.0 52.0 22.4 76.0
Urea (120 kg N ha71) 19.2 53.3 21.2 80.8
NCU (48 kg N ha71) 25.8 70.8 32.5 91.7
NCU (96 kg N ha71) 24.2 66.7 24.5 87.5
NCU (120 kg N ha71) 20.0 60.0 21.8 83.3
Urea (120 kg N ha71
applied in three doses;
48, 48 and 24 kg N ha71)
23.9 66.7 19.3 65.0
NCU (120 kg N ha71
applied in three doses;
48, 48 and 24 kg N ha71)
24.2 75.8 19.8 66.7
Urea (96 kg N ha71
drilled at sowing)
26.7 77.1 21.6 70.8
NCU (96 kg N ha71
drilled at sowing)
29.4 79.2 22.0 67.7
Note: Source: Thind et al. (2010).
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Laser land leveling
Improper land leveling is a serious cause of loss of water and nutrients, resulting in
low yield and decreased fertilizer use eﬃciency. Laser leveling, which allows
smoothing the land surface to within +2 mm of its average elevation using a laser-
equipped bucket, has a great potential as a precursor to adopting a resource
conservation technology (Gill et al. 2008). Because of laser land leveling, a 26.46%
increase in rice yield has been recorded (Pal 2005). Signiﬁcant improvement in the
agronomic eﬃciency of N has also been reported in a laser-leveled ﬁeld in a rice–
wheat cropping system. The average increase in agronomic eﬃciency of N, P and K
under laser land leveling was 118.2, 130.3 and 130.2%, respectively, over traditional
leveling. Precision land leveling has a tremendous impact (Table 9) on the agronomic
eﬃciency of N as well as of P and K (Jat et al. 2004).
Balanced fertilization
It has been observed that unbalanced NPK ratios diminish the plant use of applied N
and decrease the NUE. One of the major factors responsible for the declining growth
rate in production, productivity and declining response ratio has been the
imbalanced use of NPK, especially following the P and K decontrol in India in
August 1992. Attention to NPK is desirable because 89% of Indian soils are low to
medium in available N, 80% are low to medium in available P and 50% are low to
medium in available K (Motsara 2002). Therefore, it is essential to apply NPK and
other secondary and micronutrients in adequate and balanced amounts. Focus has
been given on N as the main yield-controlling nutrient at the expense of P, K, S and
micronutrients (Aulakh and Malhi 2004).
The eﬃcient use of any nutrient depends on the balanced supply of other
nutrients, i.e. all nutrients should be available in the right amount and at the right
time. The ‘Law of the Minimum’ emphasizes balanced nutrition (Claupein 1993;
Lægrid et al. 1999), a good example of which was presented by Johnston et al. (2001)
and the results are presented in Table 10. At adequate levels of extractable (by
Olsen’s method) soil P (419 mg kg71), the optimum N application rate for winter
wheat yields of410 t ha71 is 160 kg ha71 in this experiment; at insuﬃcient levels of
extractable soil P, the yield and the N optimum declines, and any N applied above
the optimum is a risk of loss to the environment as well as being a waste of money. A
similar interaction with implications for N loss has also been noted with respect to S
supply to grassland (Brown et al. 2000).
Table 9. Agronomic eﬃciency (kg kg71) of N (AE-N), P (AE-P) and K (AE-K) under
diﬀerent land leveling systems in rice.
AE-N AE-P AE-K
Treatments 2003 2004 2003 2004 2003 2004
LLþNPK* 18.75 20.00 86.54 92.31 56.25 60.00
TLþNPK* 7.67 9.17 35.38 42.31 23.00 27.50
TLþNPK# – – – – – –
Note: LL, laser leveling; TL, traditional leveling. # NPK (control). *N at 120 kg ha71, P at 26 kg ha71
and K at 40 kg ha71. Source: Jat et al. (2004).
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Nutrient interactions can also be synergistic, i.e. the increase in yield and NUE
are multiplicative, not just additive. Aulakh and Malhi (2004) described the
synergistic response to N and P as being 13–89% of the response to N þ P,
depending on the yield potential, general level of soil fertility and nutrient
application rates. Agronomic eﬃciency of N can be greatly increased when adequate
P and K is applied along with N (Table 11).
Integrated nitrogen management (INIM)
Integrated nitrogen management (INIM) refers to the combined use of fertilizer N
and organic N, which includes N ﬁxed by legumes and other organisms (Azotobacter,
Azospirillum, blue–green algae, Azolla etc.) and N supplied by organic manures such
as farmyard manure, compost, vermicompost, crop residues and animal refuse.
INIM has received considerable attention in recent years for sustaining soil
productivity. The use of biofertilizers is particularly important from the eco-safety
point of view and to reduce the cost of cultivation. Avasthe (2009) reported that
agronomic eﬃciency and production eﬃciency decreased with increase in N level
from 80 to 160 kg N ha71, and the eﬃciency was higher when mineral N use was
integrated with farmyard manure. The highest values of agronomic eﬃciency and
production eﬃciency were observed when 80 kg N ha71 was applied along with 2.5 t
farmyard manure ha71. Conjunctive application of urea þ farmyard manure
Table 10. Yield of winter wheat (t ha71) under four rates of applied N in soils at four levels
of available P (measured by Olsen’s method) in the soil.
Available P (mg kg71)
N applied (kg ha71)
80 120 160 200
30.4 9.32 9.64 10.12 10.25
19.0 9.37 9.83 10.25 10.30
10.3 8.46 9.14 9.10 9.34
5.0 7.75 7.88 7.85 8.08
Note: Values underlined are the optimum N rates. Adapted from Johnston et al. (2001).
Table 11. Eﬀects of balanced NPK fertilizers on the agronomic eﬃciency of nitrogen (AEN).
Control yield N applied
AEN (kg grain
kg71 N)
Increase in
AEN due to
balanced NPK
fertilizers over
Crop (kg ha71) (kg ha71) N alone þ PK N alone (%)
Rice 2740 40 13.5 27.0 100
Wheat 3030 40 10.5 81.0 671
Pearlmillet 1450 40 10.8 20.0 85
Maize 1050 40 4.7 15.0 219
Sorghum 1670 40 19.5 39.0 100
Sugar cane 1270 40 5.3 12.30 126
42200 150 78.7 227.7 189
Note: Adapted from Prasad (1996).
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increased the agronomic eﬃciency by 5.4–14.8%. Dadarwal et al. (2009) reported
that the application of 75% recommended dose of fertilizers (RDF) þ 2.5 t
vermicompost ha71 þ biofertilizers to maize signiﬁcantly improved plant height, dry
matter accumulation, dehusked cob yield, green fodder yield and available NPK in
the soil after the harvest of crop over the 150% RDF (RDF values were 120 : 40 :
30 kg ha71 of NPK). An*29.0% increase in dehusked cob yield was recorded with
75% NPK þ 2.5 t vermicompost ha71 þ biofertilizers over 150% NPK through
mineral fertilizers. These results can be attributed to the combined eﬀect of fertilizer
vermicompost and biofertilizers, in particular, vermicompost has a favorable
inﬂuence on soil condition and synchronized release of plant nutrients throughout
the crop growth period, which had positive eﬀect on the source–sink relationship and
ultimately on economic yield.
Besides, other management practices like time and method of N application, the
use of diﬀerent urea forms (e.g. urea super granules), mud balls, foliar spray, nutrient
budgets or audits should all be followed to supplement the above-discussed
approaches to improve the overall NUE. Top-dressing of N at later stage of the
wheat crop proved most eﬀective in increasing grain protein concentration, yield and
fertilizer use eﬃciency (Krishna Kumari et al. 2000). Split application of N to wheat
showed a marked advantage for grain and total N uptake, and resulted in enhancing
yield (Geleto et al. 1996). According to Anupreet Kaur et al. (2010), N applied in
four splits (foliar spray) increased N recovery under all dates of sowing over the
treatment in which N was soil applied in two or three splits in wheat. To get the
highest NUE, N may be applied in three splits (68 kg N ha71 at sowing þ 75 kg N
ha71 at ﬁrst irrigation þ 7 kg N ha71 (3% urea spray) at the anthesis growth stage
of wheat. An adequate supply of N during the later crop growth stages delays the
synthesis of abscisic acid, promotes cytokinin activity and causes higher chlorophyll
retention and thereby higher photosynthesis activity in leaves for the supply of
photosynthates to grains (Sarkar et al. 2007). Maximum recovery eﬃciency and
agronomic eﬃciency were observed in rice for ¼ N at 10 days after transplanting þ
¼ at maximum tillering þ ½ at panicle initiation, which was 11.1–97.1% and 9.0–
180.1% higher than under other schedules (Avasthe 2009). Kumar et al. (1998)
reported that NUE was greater in optimum and timely sown crop as compared with
late sown crop. Kundu and Sarkar (2009) reported that spraying of either of KNO3
or Ca(NO3)2 during the 50% ﬂowering stage in rainfed lowland rice proved to be
more eﬀective. Foliar application of 0.406% Ca(NO3)2 during the 50% ﬂowering
stage gave a 111.7% higher yield over the lowest recorded under water spray during
the milk stage. Foliar spray of 0.50% KNO3 and Ca(NO3)2 increased the uptake of
N over the water spray treatment. However, foliar fertilization of 0.406% Ca(NO3)2
showed higher uptake of N over the 0.50% KNO3 spray treatment, possibly because
of a signiﬁcant role of Ca2þ in more rational utilization of soil N and active
assimilation of NO3
7 in roots and leaves. Similarly, ion-exchange resin capsules can
be helpful in eﬀective N scheduling through precise pre-season soil test to assess the
soil NPK supply (Dobermann et al. 1998).
Conclusions
Low NUE is one among several major factors responsible for the huge yield gap in
most ﬁeld crops. In addition to economic loss due to low NUE and wastage, N
leakages into the environment are the major causes of concern. To maintain and
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even increase the eﬃciency of N use, more precise and diverse N management
strategies are needed. For precise N management, spatial variability in N
application, remote sensing or canopy N status sensors to quantify real-time crop
N status are essential to adopt. These apart, prediction of soil N supply capacity,
maintaining harmony between supply and crop demand through the adoption of
balanced fertilization, integrated N management, the use of SRNF and nitriﬁcation/
urease inhibitors, optimizing the time and method of fertilizer application, changing
the fertilizer form to suit need, are all helpful in achieving the goal of higher NUE
and sustainability.
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